Recently, the phenomenon of ground subsidence and sinkhole openings in urban area has caused social problems such as damage to roads and structures, fear to public, and property loss. Several researches have proven that the ground subsidence and sinkhole opening are much affected with the intensity and amount of rainfall in urban area. In this paper the database of ground subsidence reported in the major city of Korea is used to analyze its relationship with the characteristics of recorded precipitation data. The subsidence and precipitation data from year 2010-2014 were used to find out their correlation. Duration and intensity of given amount of precipitation were evolved to obtain their effect to ground subsidence rate (SR). The result shows that the relationship between SR and precipitation is asymptotic and can be modeled with hyperbolic equation. Finally, the relation curve is calibrated with hyperbolic equation.
Introduction
Recently, the phenomenon of ground subsidence and sinkhole openings in major cities of South Korea has caused social problems such as damage to roads and structures, fear to public, and property loss. Several researches have proven that the ground subsidence and sinkhole opening are much affected with the intensity and amount of rainfall in urban area. It might be attributed that those phenomena occur when the amount of precipitation is not enough digested with existing urban infrastructure such as sewer and storm water pipelines.
In this paper the database of ground subsidence (sinkhole opening) reported in a representative district of major city of Korea is used to analyze its relationship with the characteristics of recorded precipitation data year round. Geographic location of this study will be referred to as S-district from now on.
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The ground subsidence and precipitation data from year 2010-2014 were used to find out their correlationship. Duration and intensity of given amount of precipitation were evolved to obtain their effect to ground subsidence rate (SR). Based on the relationship between SR and accumulated precipitation, a hyperbolic function is brought to be used for curve fitting model. Then, MATLAB [1] library is developed to estimate SR provided that precipitation, duration, and time delay are given and a simple example to use the library is introduced.
Rainfall Data and Ground Subsidence Occurrence
Rainfall data of S-district was obtained at the official website 1 and subsidence data was provided from DB of local government. The subsidence DB consists of the details such as date, jurisdiction district, address, size of subsidence, cause, damage, ETC. For this study, daily rainfall and subsidence event are reorganized to be used for analysis. 
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Subsidence Prediction Model Using Accumulated Precipitation
In this section, 5, 10, 15 day accumulated precipitation prior to the date of subsidence are calculated and then a threshold precipitation is estimated. Then, a curve fitting model is proposed to predict ground subsidence rate (SR) according to accumulated precipitation for a day of interest.
Fig . 2 shows the relationship between the number of subsidence and accumulated precipitation for 5, 10, 15 day periods. In the figure, y-axis represent an accumulated number of subsidence. For example, about 800 subsidence occurs for 0~100mm of 5 day precipitation. From the figure, it is also shown that some amount of subsidence occurs with no rainfall. From Fig. 2 , it is also shown that the subsidence numbers increases as precipitation period decrease, in other words, the subsidence number rapidly increases as higher rainfall intensity. Fig. 3 shows the accumulated subsidence number with 10 day precipitation and "delay days" in legend denotes gap days between subsidence date and the end of rain date. For example of 20 delay days, y-axis is the number of subsidence due to the precipitation between 1 st and 10 th day if the subsidence occurs at 30 th day. From the figure, "delay days" is relatively less effect to the number of subsidence and it decrease a little as "delay days" increases. Now, the number of subsidence in y-axis for Fig. 2 and Fig. 3 is normalized with total number of subsidence (866) which is referred to as SR (subsidence rate). Fig. 4 shows SR (subsidence rate) with related to the precipitation of "delay days" = 0 and 5, 10, 15 day period. A curve fitting method is applied to the normalized number of subsidence, SR, with related to precipitation ® for certain period using hyperbolic equation as shown in Eq. (2). c bR a
where, a, b, and c are coefficients to describe the hyperbolic curve. To obtain the best fit values of a, b, and c, Eq. (3) is used to minimize error between prediction and observation. In Fig. 4 , fitting curve is shown together with Pearson's correlation coefficient, ρ. The hyperbolic equation of Eq. (2) is well suited to represent the correlation between SR and precipitation because ρ > 0.99 for 5, 10, 15 periods. There is no distinct difference for the cases of 0 and 20 delay days, but from 40 delay days, it is shown that SR decreases as more delay days from the case of 40. Fig. 6 shows the analysis result of threshold precipitation for various precipitation periods with "0" delay day. In here, threshold precipitation is defined for the point where the slope of hyperbolic curve rapidly decreases. Threshold precipitation is obtained and shown with "O" marker for the various periods of precipitation (1, 3, 5, 7, 10, 15, 20, 25, 30, 35 , 40, 50 days). As the precipitation period increase (in other words, rainfall intensity decrease), the threshold precipitation increases and SR decreases. Especially, "a" rapidly changes as "delay days" approach to 50. It might be attributed to the characteristics of S-district data set and no meaningful SR would be obtained beyond 50 delay days.
Subsidence Rate Estimation Based on Rainfall Legacy Data
Using "a", "b", "c" coefficients of hyperbolic equation obtained from previous section, it is possible to estimate SR (subsidence rate) for specific geographic location corresponding to the rainfall data obtained from the national weather centre. This section describes a way to estimate SR using "a", "b", "c" of
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Function
-The monthly accumulated precipitation and the number of subsidence showed that there is a certain level of relationship. The relationship is quantified by calculating Pearson's correlation coefficient between such two observations. They are ρ = 0.3759 at 2010, ρ = 0.0358 at 2011, ρ = 0.2617 at 2012, ρ = 0.0706 at 2013, and ρ = 0.6083 at 2014. The correlation is weak-low during 2011 to 2012 while moderate strength for other years. Even though the correlation between the accumulated precipitation and the number of subsidence is not strong, it might be concluded that the two phenomena can inter-related based on the analysis.
-Hyperbolic function is used to curve-fit SR (subsidence rate) versus precipitation with various rainfall periods and "delay days". It was concluded the hyperbolic function is a well suited model to correlate the two phenomenological observations with ρ > 0.99. And it can be used to predict the ground subsidence rate from rainfall data.
-A function library is proposed to use the hyperbolic function for estimating ground subsidence rate. To use the library, the coefficients of hyperbolic function are calibrated from S-district data set. The example SR estimation with random precipitation shows the approach of this paper might be good way to obtain the rate of ground subsidence in urban area.
